The main aim of this work was to determine the inuence of contralateral stimulation (CS) on the psychophysical tuning curves (PTCs) and distortion product otoacoustic emissions (DPOAEs). PTCs and DPOAEs were measured in two modes: in the presence or absence of CS. The contralateral signal was a wideband noise (bandwidth 0.210 kHz) at a level of 50 dB sound pressure level (SPL). The primary tones (F1 and F2) were presented at levels of L1 = 60 dB SPL, and L2 = 50 dB SPL. The signal frequency used in the measurements of the PTC was 1 kHz or 2 kHz. For both PTC signal frequencies the CS signicantly reduces the sharpness of the PTCs. The average change in level of DPOAE under the inuence of CS throughout the whole range of frequencies takes an eect of suppression. The CS has a signicant eect on decreasing the value of the quality factor (Q10Roex) of PTCs (F (1, 9) = 19.36, p = 0.002). The CS caused a decrease in the level of DPOAE in 88% of cases. The maximum suppression of the DPOAE level occurs for the F2 frequency from 1 kHz to 2 kHz.
Introduction
Contralateral stimulation (CS) of the auditory system is a method of examination which enables analysis of how the eerent part of the auditory pathway functions [110] .
The outer hair cells (OHCs) are largely responsible for the active processes in the cochlea; and they have an effect on the cochlea's micromechanics [11] . The outer hair cells are connected to the eerent system via the medial olivocochlear (MOC) system. Hence contralateral stimulation by means of the MOC system has an eect on the functioning of the OHCs [4] . Stimulation of the eerent system has an eect on changes in the levels of otoacoustic emission (OAE) [4, 7, 9, 10, 1215] ; on reductions in the masking eect for tone-burst signal types; and on the intelligibility of speech when presented at a background of noise [1618] . Kumar and Vanaja [16] , and Kim et al. [17] suggest that the functioning of the MOC system supports the process of speech perception against an interfering noise. However, Wagner et al. [18] stated that speech-in-noise intelligibility did not correlate with MOC activity.
The distortion products OAE (DPOAE) are characterized by the appearance of non-linear distortions, and the highest registered level for these distortions occurs for frequency F DP = 2F 1 − F 2 , where F 1 and F 2 denote the frequencies of primary tones [9, 1921] .
The DPOAE is often used in research on CS and in investigations of the MOC system's functioning. Contralateral stimulation causes a reduction in the DPOAE level (from 0.5 to 2 dB) [9, 22, 23] . Reduction in the level * e-mail: awaku@amu.edu.pl of OAE is known as the suppression phenomenon [4, 24] .
Contralateral change in the value of DPOAE depends on both the type and level of CS. The most eective suppressor is the wideband noise (WBN) [14, 25] . In the case of DPOAE ne structure, most suppression is observed in the maximum range of DP-gram, whereas in the minimum range the suppression is lower, or sometimes the enhancement eect of DPOAE signals can be observed [8, 13, 2628] .
On the whole, it can be stated that stimulation of the eerent system inhibits the functioning of the cochlear amplier [29] which in turn can lead to a change in masking eect in the presence of CS [5, 30, 31] .
Auditory masking is commonly used to assess the frequency selectivity of the auditory system [3235] . The masking phenomenom can be determined by measuring the psychophysical tuning curve (PTC) [3640] . Measurement of PTC is achieved by determining the masker level at the auditory threshold of the tonal signal, at the level of 10 dB sensation level (SL) for various masker center frequencies. For individuals with normal hearing, the minimum (tip) of the PTC corresponds to the frequency of the tonal signal, and the PTC curve has a steep slope of the low-and high-frequency sides. In cases of damaged OHCs, a reduction of the frequency selectivity is usually observed [41, 42] . It reduces the dynamic range of PTC considerably and decreases the PTC slope of the low-and high-frequency sides [43, 44] . One of the parameters characterizing PTCs is the value of Q 10 , dened as the characteristic frequency (CF) divided by the PTC bandwidth measured at 10 dB above the PTC tip.
Reduction of the frequency selectivity results in (among other things) a lower Q 10 value.
Until now there has been little research conducted on the eect of CS on PTC. Kawase et al. [30] and Vinay and Moore [5] have shown that using a contralateral sig-(1001) nal causes changes in the slopes of the low-and highfrequency sides of PTC and the value of Q 10 . Kawase et al. [30] have demonstrated that using CS in the form of WBN leads to a reduction in masker level at the threshold for frequencies below CF. This research was carried out for a test tone frequency of 2 kHz. Then Quaranta et al. [31] showed that for the test tone frequency f = 1 kHz, the value of Q 10 increased during contralateral stimulation, whereas for f = 4 kHz Q 10 it was reduced.
Vinay and Moore [5] demonstrated that for signal frequencies of 2 kHz and 4 kHz, CS signicantly reduced the masker level at the threshold on both the low and high-frequency sides of the PTCs, and the Q 10 values decreased signicantly. For the lower signal frequencies (0.5 kHz and 1 kHz), the masker level required for the threshold on the low-frequency sides of the PTCs increased with CS, and the Q 10 values increased signicantly. This would suggest that in the lower frequency bands the eerent system causes an increase in frequency selectivity, whereas in the higher band (24 kHz), frequency selectivity is reduced.
To determine PTCs, the method used involves establishing the level for the band of noise that is required to just mask the test tone, for several masker center frequencies [45] . However, this method is rather timeconsuming and determining one PTC can take around 90 minutes. S¦k et al. [39] and S¦k and Moore [46] worked on a method of PTC measurement which involved continually sweeping band of noise. This method, known as the FAST-PTC method for determining PTC, yields very similar results to the classic method, and yet shortens research time to a few minutes. Furthermore, the authors provided the optimal values of the sweeping band of noise which yield results comparable to the results derived from using the classic method. For subjects with normal hearing, the tip of the PTC is located close to the signal frequency. PTCs can be used for estimation of the auditory lters because the frequency characteristic of the auditory lter can be obtained by inverting the PTC [40] . The squared frequency response of the auditory lters can be approximated by the rounded exponential function (Roex) [40, 47] . This approximation means that the tip of the PTC can be estimated, as can the slopes of the low and high frequency tail of the PTC and also the Q 10 value.
The eect of the CS can be seen most clearly in the reduced level of OAE in the wide frequency range [15] , which should be reected by an increase in the Q 10 value of PTC as well as in the whole frequency range. However, this has not been conrmed by research results [5, 31] .
Bearing in mind the divergent values of Q 10 for various frequencies of the test tone given in the literature [5] , research was carried out to determine the value of Q 10 for PTC, both in the presence and absence of contralateral wideband noise, for two test tone frequencies, 1 kHz and 2 kHz.
The aim of this work was to describe the eect of CS on the value of Q 10 by using the so-called FAST-PTC method of measuring PTC. In order to conrm a suppression eect of the OAE in the wide frequency range, a measurement of DPOAE was also performed, in the presence of CS, to determine changes in the level of DPOAE components at the frequencies F DP = 2F 1 − F 2 . An assumption was made: that if in a wide frequency range a suppression eect dominates [8, 15, 28] , it should then result in reducing the Q 10 value in this frequency range, in view of the contralateral stimulation.
Materials and methods

Subjects
Ten normal-hearing subjects participated in this study. 
Measurement of PTCs
PTCs were measured in two modes: in the presence or absence of CS. A narrowband noise masker whose center frequency was swept from below to above the signal frequency was used in the measurements of the PTC.
The masker level was changed by the subjects during the investigations. S¦k and Moore [46] Measurements were repeated three times. In the contralateral mode, the CS was presented continuously during PTC measurement.
Measurement of DPOAEs
DPOAEs were measured using the Tucker-Davis Technologies (TDT) System 3. As with the PTC measurement, two modes of the stimuli were used in the investigations (with and without the accompaniment of an additional wideband noise to the contralateral ear). The primary tones at frequencies F 1 and F 2 , (F 2 /F 1 = 1.22)
were generated using a 24-bit digital real-time signal processor RP2.1 at 44.1 kHz sampling rate. The F 2 frequency ranged from 0.8 kHz to 6 kHz. Signals were sent to the headphone buer (HB7). Finally, signals from the output of the HB7, via an insert earphone (Etymotic Research, ER-2) were delivered to the ear canal. The thin, continuous line shows the data from the experiment, whereas the thicker line shows the course of the Roex function using the method of the least-squares error t [40] . The parameters of every Roex function included lter quality (Q 10Roex ), the PTC tip value (M in PTC ), a slope of the low frequency sides (p LRoex ), as well as the high-frequency sides (p URoex ). The results also made it possible to determine the value of the equivalent rectangular bandwidth (ERB Roex ). In Figure 1 it is clear that the minimum Roex function does not match up with the value of the frequency of the tonal signal and has slightly higher value. This is an eect which is described in the literature [39] and it is caused by the noise-band sweeping (from low to high frequencies).
A two-way within-subjects analysis of variance The slope of the low-frequency side (p LRoex ) decreased when the CS was present and the dierence was statistically signicant (F (1, 9) = 6.052, p = 0.015). However, the slope of the high-frequency side (p URoex ) did not change signicantly in the presence of CS (F (1, 9) = 3.561, p = 0.061). Therefore, reductions in the value of Q 10Roex were largely caused by changes in the slope on the low-frequency side of PTCs.
DPOAE level changes
For every subject, measurements of the DPOAE level (L DP ) were taken, both in the presence and absence of contralateral noise, at the frequencies of F 2 from 845 Hz to 6202 Hz. The vertical bars denote one standard error.
are described as a dierence between the value levels without CS (L DP ) and value levels with CS (L DP+CS ). It has to be stressed that this unambiguous eect of DPOAE suppression is observed when CS is a WBN. It is then that the suppression eect is at its greatest. In cases where noise bands or tonal signals are applied, change in the level of otoacoustic emissions is either less or does not occur at all [12, 14, 25, 50] . Assuming that the average value for the sound pressure level of the DPOAE is no higher than a few dB, the change in the level in the presence of CS comes to several dozen percent of acquired OAE. Above 2 kHz the value of ∆DP decreases along with the increase in the frequency F 2 (see Fig. 4 ), which is in agreement with the results presented by other authors [15] .
Measurements of DPOAE did not include frequency ranges below 800 Hz because of the high level of background noise, even though averaging was applied and the measuring was performed in a soundproof booth. For the investigation of DPOAE and PTC, the frequency range 1−2 kHz was the most signicant.
As was mentioned earlier, Vinay and Moore [5] demonstrated that up to the value of 1 kHz of the test tone, an increase in Q 10 in the presence of CS was observed, whereas from the value of 2 kHz there was a decrease in the value of Q 10 in the presence of CS. A similar dependence was obtained by Quaranta et al. [31] when comparing the dierence in the values of Q 20 for PTC determined for 1 kHz and 4 kHz. However, the results presented by Quaranta et al. [31] have to be treated with some care because a tonal signal was used as a masker.
It is well known that using a tone as a masking signal when determining PTC leads to a beating phenomenon which is a factor that can have an eect on the research results [5, 38, 51] . It should also be added that Vinay and Moore [5] and Quaranta et al. [31] applied a 1/3th-octave wide band of noise as a contralateral signal.
Guinan and Giord [3] This research, which used broadband contralateral signal, conrmed the hypothesis that there would be a decrease in the value of Q 10Roex for the frequencies from 1 kHz and 2 kHz (Fig. 2) . The larger decrease in Q 10Roex inuenced by CS was observed for the frequency 2 kHz (10%), and this Q 10Roex reduction is consistent with the highest DPOAE suppression for the 2 kHz frequency region. Decrease in the level of DP in the frequency range 12 kHz reached 1.2 dB on average, whereas for the frequency 2 kHz it reached a maximum average value of 1.8 dB.
It should be emphasized that the Q 10 reduction is closely connected with a statistically signicant decrease in the slope on the PTC low-frequency side during CS.
Guinan and Giord [3] showed that electrical stimulation of the MOC system raised the thresholds of bers for tones at the CF. The contralateral stimulation evoked a decrease in the slope of the low-frequency side of the PTC [52] .
Comparing the results of this study with those published by Vinay and Moore [5] the dierence in the change of the Q 10 values during CS should be stressed. In this study the reduction of Q 10Roex was obtained for both tested frequencies. These results are in line with the data presented by Guinan and Giord [3] who showed in most cases, a reduction in the quality values of the TC, especially for the medium-and low-spontaneous rates of the auditory-nerve bers. Physiological ndings obtained in animals show that for cats, the MOC system has different patterns of innervation along the length of the cochlea [1, 53] . The largest innervation corresponds to the CF region near 3 kHz. Considering that the CF is lower for humans than for cats [5] , the results presented in this paper show a correlation between the highest DPOAE suppression, Q 10 reduction and the largest MOC innervation within the range of 2 kHz.
It is necessary to take into consideration the dierences in the type of CS used. In this study the contralateral signal was a wideband noise, however Vinay and Moore [5] used a band of noise as the CS. Using broadband CS seems to be justied because with measurements of OAE this type of CS provides the greatest suppression eect [14, 25] .
This research used the`fast method' of measuring PTC because it yields comparable results to the classic method [39] . To test the eect of the method of measuring PTC has on the results, the author is going to carry out an investigation of wideband CS by using the classic method for determining PTC.
Conclusions
This study presents the results of research into DPOAEs and PTCs in the presence of wideband noise contralateral stimulation. The results allow the following conclusions to be drawn:
• wideband noise contralateral stimulation has a signicant eect (F (1, 9) = 19.36, p = 0.002) on decreasing the value of Q 10Roex of PTCs,
• the largest decrease in the value of Q 10Roex occurs for test tone frequency of 2 kHz,
• the slope on the low-frequency sides of PTC (p LRoex ) signicantly decreases (F (1, 9) = 6.052, p = 0.015) as the eect of CS,
• frequency position of the minimum of the psychophysical tuning curve (M in PTC ) is not signicantly change under the inuence of CS (F (1, 9) = 0.011, p = 0.919),
• CS caused a decrease in the level of the DP component (suppression eect) in 88% of cases, in the whole F 2 frequency range (from 845 Hz to 6202 Hz).
